Iron-sulfur (Fe-S)-containing proteins contribute to various biological processes, including redox reactions or regulation of gene expression. Living organisms have evolved by developing distinct biosynthetic pathways to assemble these clusters, including iron sulfur cluster (ISC) and sulfur mobilization (SUF). Salmonella enterica serovar Typhimurium is an intracellular pathogen responsible for a wide range of infections, from gastroenteritis to severe systemic diseases. Salmonella possesses all known prokaryotic systems to assemble Fe-S clusters, including ISC and SUF.
of the ISC system prevents plaques formation because the strain is non-invasive (Runyen-Janecky et al., 2008) . The SUF system is essential for Mycobacterium tuberculosis survival and therefore required for virulence (Huet, Daffé, & Saves, 2005) . In this context, the case of the iscR gene deserves specific attention.
In E. coli, IscR is a [2Fe-2S]-containing protein whose maturation is primarily catalyzed by the ISC system. The holo-form of IscR acts as a repressor of a large number of genes, including the isc operon.
The apo-form of IscR acts as an activator of a few genes, including the suf operon. Hence, under iron limitation or in the presence of reactive oxygen species (ROS), IscR exists primarily under its apo-form that activates expression of SUF and no longer represses expression of isc, the amount of Fe-S clusters produced being at its highest level. As IscR maturation is catalyzed by the ISC system, a defect in this latter leads to the accumulation of apo-IscR and activation of the SUF system. This regulatory connection between ISC and SUF must be taken into account when interpreting the phenotype of ISC-defective strains.
For instance, a D. dadantii iscR mutant is non-invasive on Saintpaulia ionantha plants because the SUF system cannot be activated by IscR, but it presents a wild-type phenotype on Arabidopsis thaliana presumably because the demand in Fe-S clusters to be satisfied for the bacterium to grow is met by ISC in this case (Rincon-Enriquez et al., 2008) . In fact, IscR appears to be important for full virulence of several patho-
gens. Mutations in iscR reduce virulence of Pseudomonas aeruginosa
and Xanthomonas campestris (Kim, Lee, Lau, & Cho, 2009; Fuangthong et al., 2015) . Moreover, recent studies have shed new light on the role of IscR by expanding its zone of influence beyond the usual Fe-S cluster containing proteins; namely, in enterotoxigenic E. coli, IscR was shown to bind upstream cfaA and to activate CFA/I fimbriae production in response to iron starvation (Haines et al., 2015) . In Yersinia pseudotuberculosis, IscR was found to be involved in the regulation of the type III secretion system (TTSS) master regulator LcrF and was demonstrated to be essential for the virulence of Yersinia in a mouse model of infection (Miller et al., 2014) .
Salmonella enterica serovar Typhimurium is a facultative intracellular
pathogen that is associated with a wide range of infections in mammals, ranging from self-limiting gastroenteritis to severe systemic diseases.
During the first stage of infection, the bacterium invades intestinal epithelial cells using a TTSS encoded by Salmonella pathogenicity island 1 (Spi1; Galán & Curtiss, 1989) . Afterwards, it survives and replicates in macrophages within a membrane-bound compartment called the Salmonella-containing vacuole using a TTSS encoded by Spi2 (Figueira & Holden, 2012) . Synthesis of the Spi1 TTSS apparatus and most of its effectors is controlled by a complex regulatory scheme. HilA activates directly the expression of the inv and prg operons, which encode the TTSS apparatus (Ellermeier, Ellermeier, & Slauch, 2005) . Expression of hilA is under the control of many environmental conditions and three transcriptional activators: HilC, HilD, and RtsA (Ellermeier et al., 2005) .
Among the key points leading to the establishment of infection is the ability of the pathogen to adapt to various environments and to resist different stresses, including iron limitation and ROS production.
Recently, CyaY and YggX, both involved in iron-sulfur biogenesis, were demonstrated to be important for Salmonella virulence in mice (Velayudhan et al., 2014) . Here, we investigated the involvement of ISC and SUF in Salmonella. Whereas no major role was attributed to the SUF system, the ISC machinery was found to be essential for epithelial cell invasion, and we explained this by revealing a molecular link between Fe-S cluster and Spi1 TTSS functioning. In particular, we showed that IscR represses the synthesis of the Spi1-carried regulator HilD, decreasing the expression of genes encoding the TTSS apparatus.
Thus, the IscR regulator can be exploited by Salmonella as a sensor to modulate its invasiveness depending on the stage of the infection and the compartment infected.
2 | RESULTS 2.1 | The ISC machinery is essential for HeLa cell invasion and virulence in mice
In order to evaluate the contribution of the ISC and SUF systems to Salmonella intracellular proliferation, we infected activated RAW 264.7 mouse macrophages with Salmonella wild-type strain, iscU and sufBC mutants. Bacterial proliferation was assayed by calculating the proliferation index as a ratio of the intracellular bacteria between 16 and 2 hr post-infection. The proliferation index of the wild-type strain and the iscU mutant were very close (8.8 and 9.4, respectively), whereas it was slightly higher for the sufBC mutant (12.2; Figure 1a ), reflecting no major role for Fe-S proteins during the intracellular proliferation of macrophages. Next, HeLa cell invasion was carried out. Each strain was incubated for 10 min with HeLa cells followed by 1 hr of gentamicin treatment. We found the iscU mutant to invade epithelial cells much less efficiently than the wild-type (Figure 1b) , whereas the sufBC mutant invasion showed no defect compared to the wild-type ( Figure 1b) . Next, mixed infections of mice were carried out using wild-type and mutants in order to determine the competitive index (CI) and to compare virulence of the strains (Beuzón & Holden, 2001 ).
The injection of the inoculum was either intraperitoneal (IP), during which bacterial cells can rapidly reach their target organs ( Figure 1c and Table S1 ), or oral to force the pathogen to cross the intestinal barrier before accessing the blood system ( Figure 1d and Table S2 ). By performing IP infections, we found the iscU mutant to be affected for its virulence (CI = 0.304; Figure 1c and Table S1 ). In contrast, the CI of the sufBC mutant did not show any significant alteration of virulence compared with the wild-type strain ( Figure 1c and Table S1 ). Lastly, mice oral infections were carried out. We observed a severe virulence defect of the iscU mutant (CI = 0.011; Figure 1d and Table S2 ), 30-fold less compared to IP infection and 90-fold less compared to the wildtype. The sufBC mutation had no effect (CI = 0.758; Figure 1d and Table S2 ). Taken together, these results indicate that the ISC machinery plays a major role in Salmonella virulence during the invasion of epithelial cells and in the mouse model.
| The ISC system plays a key role in the regulation of Spi1 TTSS gene expression
To test the involvement of Fe-S biosynthesis machineries in Spi1 TTSS regulation, the promoter of hilD-which was shown to be activated to allow Spi1 TTSS biogenesis (Figure 2a )-was fused to GFP and inserted into the pFPV25 plasmid, yielding the PhilD-gfp transcriptional fusion.
Such constructs were previously used in Salmonella to report gene expression within host cells (Valdivia & Falkow, 1997; Aussel et al., 2011) . Cells were grown in Luria-Bertani (LB), and the fusion expression levels were measured after 16 hr of culture. Expression of the PhilD-gfp fusion was found to be 22% lower in an iscU mutant compared with the wild-type, whereas the sufBC mutation had no effect on the expression of this fusion (Figure 2b ). We next tested whether the effect of the iscU-mediated reduction had an impact on the expression of the hilD-regulated genes such as rtsA, prgH, and invF. Transcriptional fusions were constructed for each gene and their expression assayed in iscU and sufBC backgrounds. Compared to the wild-type strain, the iscU mutant exhibited a decrease in the expression of rtsA (4.1-fold), prgH (5.3-fold), and invF (sevenfold; Figure 2c -e). The sufBC mutation had no effect on the expression level of these genes. Altogether, these results showed that Spi1 TTSS genes are down-regulated in an iscU mutant, conferring a key role to the ISC machinery in the synthesis of this secretion apparatus.
| IscR binds on the promoter of hilD
Because the ISC machinery was found to play a role in the regulation of Spi1 TTSS gene expression, we aimed at identifying a protein matured by ISC and involved in the control of the Spi1 TTSS apparatus.
Two putative binding sites of IscR-a [2Fe-2S]-containing regulator matured by the ISC system-were found in the hilD promoter region.
Only three amino acids differ between E. coli and Salmonella IscR proteins (98% identity), and none of these residues are in the DNA binding domain, supporting the idea that identical motifs can be recognized by both proteins (Rajagopalan et al., 2013) . The two putative IscR binding sites upstream of hilD resemble type 2 motifs that can be bound by both holo-IscR and apo-IscR (Giel, Rodionov, Liu, Blattner, & Kiley, 2006) . Sites 1 and 2 lie, respectively, from −105 to −81 (ATTACCCAAATTTGGGTTCTTTTGG) and from −65 to −41 (ATTGCCAACACACGCTAATAAAGAG) upstream of the hilD gene transcription start site (Figure 3a) . Comparison of these two sites with the IscR sites from E. coli hyaA and Y. pseudotuberculosis lcrF shows that they contain five and four of the nine bases in this binding motif, respectively (Figure 3b ; Giel et al., 2006) . Importantly, site 1 overlaps with a previously identified HilD binding site (Figure 3a ; Olekhnovich & Kadner, 2002) . To test the interaction between IscR and the promoter of hilD (PhilD), electrophoretic mobility shift assays (EMSA) were carried out. When incubated with increasing concentrations of purified His 6 -IscR, the PhilD probe shifted gradually (Figure 3c ). IscR was able to form four complexes, consistent with the presence of two type 2 motifs on PhilD and with the ability of IscR to form dimers (Figure 3c ). Competitive indexes of wild-type versus mutant strains in mice were determined. Each circle represents one mouse, and horizontal bars correspond to the mean. A one-sample t test was used to determine whether the CI was significantly different from 1. ns, not significant; *p ≤ 0.05 (Mann-Whitney U-test); ***p ≤ 0.001
Next, three nucleotides were mutated at the positions 1, 5, and 6 of the type 2 motifs on the hilD promoter (ATTACC was changed to CTTAGG on the site 1, and ATTGCC was changed to CTTGGG on the site 2). When incubated with increasing concentrations of IscR, the resulting DNA fragment, called PhilD*, displayed a more modest shift compared to PhilD, highlighting the importance of these FIGURE 2 The ISC system is required for the expression of Spi1 type III secretion system (TTSS). (a) Simplified model for the regulation of Spi1. The arrows indicate direct activation of gene expression. For clarity, the genes encoding HilD, HilC, RtsA, and HilA are not shown. See (Ellermeier, Ellermeier, & Slauch, 2005) for a more complete model of Spi1 regulation. (b-e) Wild-type, iscU, and sufBC mutant strains were transformed with a plasmid carrying the PhilD-gfp (b), the PrtsA-gfp (c), the PprgH-gfp (d), and the PinvF-gfp (e) fusions. Strains were grown aerobically in LB for 16 hr, and GFP synthesis was measured using a fluorimeter. The fluorescence levels shown on the graphics are calculated as the GFP values normalized to the OD 600nm . Results are the means ± standard deviation of at least five independent experiments. Asterisks indicate a statistically significant difference between mutants and the WT. ns, not significant; *p ≤ 0.05 (Mann-Whitney U-test) FIGURE 3 IscR binds to the hilD promoter in vitro. (a) Key features of the hilD promoter, including HilD binding site (bold bar), −10 and −35 sites, the transcription start site (+1, arrow), and the translation initiation codon of the hilD gene (ATG; Olekhnovich & Kadner, 2002) . The IscR type 2 binding sites are represented by the two boxes, (b) Sequence alignment of the two putative IscR-binding sites from Salmonella enterica hilD with the Escherichia coli hyaA and Yersinia pseudotuberculosis lcrF domains. (c-e) EMSA using Cy5-DNA fragments (240 pb) corresponding to the promoters of hilD (PhilD; c) and hilD mutated in the IscR type 2 binding sites (PhilD*; d). In each experiment, 100 nM of Cy5-DNA fragments were incubated with increasing concentrations of IscR (1, 1.9, 2.8, 3.7, 4.6, and 5.5 μM) or BSA as a control (5.5 μM) and run on a 6% native polyacrylamide gel electrophoresis. (Figure 3d,e) . Finally, to confirm the direct interaction between IscR and PhilD, DNA-protein interaction experiments were carried out using Bio-layer interferometry, a technique previously used to study protein-protein interactions (Arlet et al., 2014) . IscR was also found to interact with PhilD in this assay, whereas no interaction was detected with the promoter of ahpC used as a negative control (Figure 3f ). Interestingly, this experiment allowed us to measure a dissociation constant (Kd) of 390 nM between IscR and PhilD, consistent with previous values of 93 and 112 nM measured between E. coli IscR and the iscR promoter (Giel et al., 2013) . Taken together, the results presented in this panel demonstrate a direct interaction between IscR and the promoter of hilD.
| IscR represses the expression of hilD gene and HilD targets
Next, to investigate the regulatory role of IscR on hilD, the expression of the hilD fusion was measured and found to be about 1.5-fold up-regulated in an iscR mutant (Figure 4a ), suggesting that IscR acts as a negative regulator. Interestingly, the expression level of hilD was reduced to a similar extent (2.5-fold) in the hilD and in the hilD iscR mutants, consistent with a scenario where IscR could act as an anti-activator on HilD. Because the extent of the regulatory effect was only 1.5-fold, we tested whether the IscR-mediated regulation of hilD had any effect on the expression of downstream HilD-regulated genes. The expression of the rtsA, prgH, and invF fusions was measured in a wildtype, iscR, hilD, and hilD iscR mutant strains. A hilD mutation abrogated the expression of rtsA, prgH, and invF (Figure 4b-d) . In contrast, the iscR mutant exhibited a 1.5-fold increase in rtsA expression ( Figure 4b ) and a twofold increase in prgH and invF expression (Figure 4c,d ). In the hilD iscR mutant, the expression level of the rtsA, prgH, and invF fusions was found to be lower than 10 units but higher than the hilD mutant values (Figure 4b-d) . The iscR and hilD mutant strains were also complemented by plasmid-borne wild-type copies of iscR and hilD under an arabinose-inducible promoter, respectively ( Figure S2 ). To investigate further the regulatory effect of IscR, quantitative reverse transcription polymerase chain reaction (qRT-PCR) experiments were carried out with the genes previously analyzed. The iscR mutation led to a 5.5-fold increase in hilD mRNA level compared to the wild-type strain, confirming that IscR acts as a repressor of hilD (Figure 4e ).
Consistently, rtsA, prgH, and invF mRNA levels were found to increase significantly in the iscR mutant (2.5-fold, 7-fold, and 5.5-fold, respectively), whereas they decreased in the hilD mutant (Figure 4f-h ).
Noticeably, IscR was not found to shift the PinvF probe in EMSA, supporting the notion that expression of invF is indirectly regulated by IscR ( Figure S3 ). In the hilD iscR mutant, the rtsA, prgH, and invF mRNA levels were 360-fold, 60-fold, and 460-fold lower compared to the wild-type strain, showing that the expression of rtsA, prgH, and invF is totally abrogated in the absence of both iscR and hilD and suggesting (e-h) Expression pattern of hilD (e), rtsA (f), prgH (g), and invF (h) encoding genes in the iscR, hilD, and hilD iscR mutants compared to the wild-type strain. RNA was extracted from the wild-type, iscR, and hilD mutant strains grown in LB to an OD 600nm = 1.5. Quantitative real-time PCR was performed to amplify the hilD, rtsA, prgH, and invF genes. Results are the means ± standard deviation of at least three independent experiments. Asterisks indicate a statistically significant difference between mutants and the WT. ND, Not Determined. *p ≤ 0.05 (Mann-Whitney U-test) 2.5 | Apo-IscR and holo-IscR down-regulate Spi1 TTSS gene expression
To investigate whether IscR acts on Spi1 TTSS gene expression under its apo-form or holo-form, we built a plasmid encoding an IscR variant (IscR-3CA). This IscR variant has all three cluster-coordinating cysteine residues (Cys92, Cys98, and Cys104) converted into alanine, which prevents binding of the [2Fe-2S] cluster (Rajagopalan et al., 2013) .
The iscR mutant was transformed with an empty plasmid, with a plasmid encoding IscR or with a plasmid encoding IscR-3CA. In an iscR mutant, expression of the prgH gene was down-regulated 2.4-fold in the presence of piscR, whereas it was down-regulated 1.6-fold in the presence of piscR-3CA (Figure 5a, left) . This indicated that both forms have a negative effect on prgH expression. Similarly, the invF gene was down-regulated 1.7-fold in an iscR − /piscR strain and 1.3-fold in an iscR − /piscR-3CA strain, again indicating that apo-IscR and holo-IscR modified invF gene expression (Figure 5a, left) . The experiment was also carried out in a wild-type strain in which the overexpression of iscR reduced the expression of prgH and invF (2.9-fold and 2.7-fold, respectively; Figure 5a , right). The same observation was made when the iscR-3CA variant was overexpressed (1.9-fold and 2.1-fold repression compared to the empty plasmid). Taken together, these results show that both apo-IscR and holo-IscR down-regulate the expression of the Spi1 TTSS gene.
| IscR mediates iron-dependent control of Spi1 TTSS genes
It was previously shown that iron limitation down-regulates the expression of Spi1 TTSS genes (Ellermeier & Slauch, 2008; Teixidó, Carrasco, Alonso, Barbé, & Campoy, 2011 ). Therefore, we tested whether IscR could have a role in mediating this regulation. Expression of prgH and invF genes was monitored in bacteria grown in the presence of 2,2′-dipyridyl (dip), an iron chelator ( Figure S4 ). In the presence of dip, the level of prgH and invF expression dropped 8.8-fold and 5.7-fold compared with untreated cells (Figure 5b) . In an iscR mutant, the addition of dip was still inhibiting expression of the two genes but to a much reduced extent, that is, 3.2-fold for prgH and 1.7-fold for invF fusions (Figure 5b ). These data indicate that IscR contributes significantly to the iron-mediated regulation of Spi1 TTSS gene expression.
| IscR reduces the invasion of HeLa cells by Salmonella
Because IscR was shown to decrease the expression of Spi1 TTSS genes, we evaluated its contribution to Salmonella virulence. After 10 min of incubation with HeLa cells, the iscR mutant presented an efficiency of entry 1.44-fold higher than the wild-type strain (Figure 6a) .
Finally, the wild-type and the iscR mutant strains were used in mice co-infection experiments. The inoculum was either injected intraperitoneally or ingested orally. Virulence of the iscR mutant was reduced as compared with the wild-type, using both methods: A CI of 0.144 was obtained using IP infections (Figure 6b , left, and Table S3 ), whereas a value of 0.255 was found after oral ingestion (Figure 6b , right, and Table S3 ). These results show that during the first step of the infection, IscR can reduce HeLa cell invasion by Salmonella, consistent with its negative role in Spi1 TTSS expression.
| DISCUSSION
In this study, we showed that the ISC machinery is required for the virulence of S. enterica. The reduced invasion of an iscU mutant in HeLa cells combined to its drastic virulence attenuation during oral mouse infections confers a central role to the ISC system in the establishment Wild-type or iscR mutant strains carrying the PprgH-gfp fusion (left) or the PinvF-gfp fusion (right) were grown for 6 hr in LB with or without 2,2′-dipyridyl (dip), and the fluorescence was measured afterwards. The values shown on this figure were calculated as the GFP values normalized to the OD 600nm and represent the means ± standard deviation of at least five independent experiments. Asterisks indicate a statistically significant difference between two strains. ns, not significant; *p ≤ 0.05; **p ≤ 0.01 (Mann-Whitney U-test) of the Salmonella infectious process. One reason underlying the reduced virulence of an iscU mutant could be a decrease in Spi1 TTSS gene expression. Indeed, we showed that apo-IscR, which prevails in an iscU mutant, down-regulates the expression of the master regulator hilD and thereby of several downstream HilD-regulated genes. Our findings support the idea that the ISC machinery is important for Salmonella virulence through the ability of the Fe-S cluster sensor IscR to regulate Spi1 gene expression (Figure 7) . They also reflect an adaptive mechanism used by Salmonella to favor its infectivity in the gut lumen and tissues, where oxygen is rare and iron available to the bacterium (Kortman, Raffatellu, Swinkels, & Tjalsma, 2014; Jennewein et al., 2015) .
In a strain lacking the ISC machinery, the expression of iscR increases significantly ( Figure S5 ) and the synthesized IscR is mostly under its apo-form. Apo-IscR binds on type 2 DNA-binding motifs, and such motifs were found in the promoter region of hilD ( Figure   S6 ). Therefore, the increase in iscR expression observed in an iscU mutant should lead to a decrease in Spi1 gene expression. This prediction was demonstrated experimentally as Spi1 TTSS genes were found to be down-regulated in an iscU mutant and up-regulated in an iscR mutant. Moreover, our results using an Fe-S cluster-free variant indicated that the apo-form of IscR negatively regulates the expression of the Spi1 TTS genes. Recently, Yersinia IscR was shown to bind upstream of the operon encoding the TTSS master regulator LcrF, which endowed IscR with a positive role in transcription of Yersinia TTSS genes (Miller et al., 2014) . Thus, both pathogens appear to have In recent years, studies from different groups reported that the presence of iron in the environment induced the expression of hilA (Ellermeier & Slauch, 2008) and hilD (Teixidó et al., 2011) . The question arose whether the iron sensing regulator Fur was involved in this ironmediated activation (Ellermeier & Slauch, 2008; Teixidó et al., 2011) . Simplified model for the regulation of Spi1 type III secretion system (TTSS). On the promoter region of hilD, two IscR type 2 binding sites flank and partially overlap the HilD binding site. A competition occurs between HilD (transcriptional activator) and IscR to bind hilD promoter, leading to a modulation in Spi1 TSSS gene expression. Because IscR regulates its own expression depending upon iron and oxygen availability, the hilD repression by IscR can be alleviated or increased in function of the environment encountered by Salmonella during the infection FIGURE 6 Salmonella iscR mutant is hyper-invasive in HeLa cells. (a) Wild-type or ΔiscR strains were inoculated with HeLa cells for 10 min and then treated with gentamicin for 1 hr. Epithelial cells were lysed for enumeration of intracellular bacteria determined by colony-forming unit counts. The values shown represent the invasion of the strains relative to WT, which was set at 1. These data are the means ± standard deviation of at least three independent experiments each in triplicate. Asterisks indicate a statistically significant difference between the iscR mutant and the WT. (b) C57BL/6 mice were inoculated intraperitoneally (IP, left) or orally (right) with a 1:1 mixture of ΔiscR mutant and wild-type Salmonella strains; 48 hr (IP) or 5 days (oral) post-infection, spleens were harvested for bacterial counts. Competitive index of wild-type versus ΔiscR mutant strains in mice was determined. Each circle represents one mouse, and horizontal bars correspond to the mean. A one-sample t test was used to determine whether the CI was significantly different from 1. ns, not significant; ***P ≤ 0.001; *p ≤ 0.05 (Mann-Whitney U-test) (Teixidó et al., 2011) . In this study, we also found iron to be required for Spi1 gene expression. Expression of prgH and invF decreased ninefold and sixfold under iron limited conditions, this regulatory mechanism being largely mediated by Fur. In an iscR mutant, the expression of these two genes was also reduced under iron limited conditions compared to LB but to a much reduced extent (threefold and twofold, respectively). Thereby, we wondered if IscR could be shed light on oxygen and iron availability. Except for a relatively aerobic zone adjacent to the mucosal surface, the gut lumen contains low levels of oxygen (Marteyn et al., 2010; Jennewein et al., 2015) .
In contrast, iron is present in sufficient amounts to sustain bacterial replication in the gut, although the production of siderophores by enteric pathogens suggests a limited availability (Kortman et al., 2014) . Both limited oxygen tensions and available iron define optimal conditions for Fe-S cluster stability. Hence, IscR is predicted to be mostly under its holo-form and at low cellular concentrations, favoring Spi1 TTSS gene expression ( Figure S5 ; Schwartz et al., 2001; Vinella, Loiseau, Ollagnier de Choudens, Fontecave, & Barras, 2013) . In previous studies, we have shown that ROS were produced by macrophages and that intracellular Salmonella was capable of sensing these ROS (Aussel et al., 2011) . Moreover, an increase in iron efflux was observed in Salmonella-infected phagocytes, reducing both the cytoplasmic labile iron and the ferritin storage within macrophages, thus restricting the acquisition of iron by intracellular Salmonella (Nairz et al., 2007) . Under such environmental conditions-iron starvation and oxidative stress-the apo-IscR form is predicted to dominate, decreasing Spi1 TTSS gene expression and limiting energetic expenses for the pathogen during macrophage infection. This model is supported by transcriptomic and deep-sequencing analysis showing reduced expression for most of the invasion-associated Spi1 genes in macrophages (Eriksson, Lucchini, Thompson, Rhen, & Hinton, 2003; Srikumar et al., 2015) . Indeed, in macrophages, hilD gene expression decreased around threefold, whereas iscR gene expression increased around fivefold compared to LB medium (Eriksson et al., 2003) . Thus, this scenario describes an adaptive mechanism used by S. enterica to favor its virulence in the gut and to succeed in epithelial cell invasion. From this viewpoint, IscR is predicted to play a key role in sensing oxygen and iron levels because its expression and maturation can be modulated as a function of the host environmental conditions. Iron-sulfur clusters are used by a large number of protein species -over 130 in E. coli and Salmonella-which participate in diverse biological processes (Py & Barras, 2010) . In this study, the defect of the iscU mutant in HeLa cell invasion and oral mice infection can be partially attributed to the down-regulation of Spi1 TTSS gene expression by IscR. Other cellular processes dependent on enzymes carrying Fe-S clusters, like motility, adhesion, or respiration, could also be affected as shown in other pathogens (Lim & Choi, 2014) . Conversely, the iscR mutant was shown to be more invasive in HeLa cells and less virulent in mice compared to the wild-type, consistent with a possible regulation of other genes involved in Salmonella pathogenesis by IscR.
Analysis of iscR and iscU contributions to Salmonella virulence at the genomic level might identify additional actors and will constitute the scope of future studies. 
| Bacterial strains and growth conditions
The bacterial strains used in this study are described in Table 1 . Strains were routinely grown at 37°C in LB medium. Ampicillin (50 μg/ml), kanamycin (25 μg/ml) and chloramphenicol (25 μg/ml) were added when necessary. Deletions of various genes and concomitant insertion of an antibiotic resistance cassette were carried out using lambda Redmediated recombination (Datsenko & Wanner, 2000) . Mutations were moved to 12023 wild-type strain by P22 transductions.
| Plasmid constructions
The cloning vector used to monitor gene expression was pFPV25, carrying promoterless gfpmut3a gene (Valdivia & Falkow, 1997) . The inserts carrying 300 BP upstream prgH, invF, rtsA, or hilD start codon were PCR-amplified from S. enterica 12023 by using the primers listed in Table S4 . PCR products were digested using XbaI and KpnI and cloned into pFPV25 vector, yielding PprgH-gfp, PinvF-gfp, PrtsA-gfp, and PhilD-gfp plasmids (Table 1) . For iscR and hilD complementation, the coding sequence of each gene was digested using XbaI and NcoI and cloned into pKI*, yielding piscR and philD (Table 1) . For IscR purification, the coding sequence of iscR was digested using NdeI and XhoI and cloned into pet22b(+), yielding pHis 6 -iscR (Table 1 ). The plasmids expressing IscR variant (piscR-3CA and pHis 6 -iscR-3CA) were PCRamplified in two steps using two central oligonucleotides carrying the mutations (C92A/C98A/C104A), the iscR-3CA fw, and iscR-3CA-rv oligonucleotides (Table S4 ). All the inserts were verified by DNA sequencing. before infection when indicated. Bacteria were added to the monolayers at a multiplicity of infection 10:1, centrifuged at 400 g for 5 min at 4°C, and incubated for 30 min at 37°C in 5% CO 2 . The macrophages were washed three times and incubated with DMEM containing FBS and 100 μg/ml gentamicin for 60 min, after which the gentamicin concentration was decreased to 10 μg/ml for the remainder of the experiment. For enumeration of intracellular bacteria, macrophages were washed two times with phosphate-buffered saline (PBS) and lysed with 0.1% Triton X-100, and a dilution series was plated on LB agar.
| Bacterial infection of macrophages

| Invasion assay of HeLa cells
HeLa cells were seeded at a density of 5.10 4 cells/ml in 6-well plates and incubated overnight at 37°C with 5% CO 2 in DMEM with 10%
FBS. Bacterial strains were cultured aerobically overnight at 37°C in LB. Bacteria were diluted 100-fold and sub-cultured for 3 hr at 37°C. 
| Competition assays
With equal amounts of two bacterial strains for 10 5 bacteria per mouse, 8-to 10-week-old C57/B6 mice were inoculated intraperitoneally or orally. The spleens were harvested 48 hr after inoculation (i.p. infection) or 5 days after ingestion (oral infection) and then homogenized. Bacteria were recovered and enumerated after plating a dilution series onto LB agar and LB agar with the appropriate antibiotics.
CIs were determined for each mouse (Beuzón & Holden, 2001 ). The CI is defined as the ratio between the mutant and wild-type strains within the output (bacteria recovered from the mouse after infection) divided by their ratios within the input (initial inoculum). A one-sample t test was used to determine whether the CIs were significantly different.
All statistical analyses were performed by using Prism (GraphPad, San Diego, CA). The two-tailed p value was calculated.
4.7 | Purification of His 6 -iscR and His 6 -iscR-3CA
Escherichia coli strain BL21(DE3)/piscR-His 6 was grown at 37°C in LB medium. At an OD 600nm = 0.6, 0.5 mM IPTG was added, and growth was carried on for 2 hr. Cells were harvested by centrifugation, and the pellet was resuspended in 8 ml of buffer A (25 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 10 mM imidazole). Resuspended cells were broken by two passages through an ice-chilled French pressure cell at 0.5 tons.
The resulting crude extract was centrifuged twice at 10,000 g for 30 min at 4°C. The supernatant was applied to a 1-ml His-trap column prepacked with nickel (GE Healthcare life Sciences) and equilibrated with buffer A. Proteins were eluted with a 40-ml gradient running from 10 to 500 mM imidazole. Fractions were analyzed by a sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis. After elution, the His 6 -IscR-containing fractions were pooled, and the solution was concentrated by ultrafiltration on Amicon ultra 10 K (Millipore; 2500 g, 4°C).
Protein concentration was determined spectrophotometrically at 280 nm (NanoDrop 1000; Thermo Fisher Scientific). Identical protocol was used to purify the His 6 -IscR-3CA protein.
| Mutagenesis and preparation of DNA substrates
Substrates for EMSA were produced using 5′-Cy5 labelled primers (Eurogentec) at one extremity. The resulting DNA fragments include 200 nucleotides upstream and 40 nucleotides downstream the start codon of hilD and invF genes, yielding PhilD and PinvF. PhilD* was obtained in two steps using two central oligonucleotides carrying the mutations (See Table S4 for details). Sequence accuracy of the PCR products was checked by sequencing.
| Electrophoretic mobility shift assays
Reaction mixes (10 μl) contained Cy5 labeled DNA (100 nM) in TrisHCl, pH 7.5, 0.5 M KCl buffer containing 0.3 mg/ml sonicated calf thymus DNA (Panis, Duverger, Champ, & Ansaldi, 2010) . Appropriate protein concentrations indicated in figure legends were added prior to incubation at 25°C for 30 min. Samples were loaded on a 6% native polyacrylamide gel electrophoresis in TBE 1× at 90 V, and ran for 5 hr at 135 V. Migration profiles were analyzed by scanning the gel using a 635 nm laser and a LPR filter (FLA5100, Fujifilm).
| Bio-layer interferometry
Protein-DNA interaction experiments were conducted at 25°C with the BLItz instrument from ForteBio (Menlo Park, CA, USA). The Bio-layer interferometry consists in a real-time optical biosensing technique exploits the interference pattern of white light reflected from two surfaces to measure biomolecular interactions (Concepcion et al., 2009 ).
Purified His 6 -IscR protein ligand was immobilized onto two Ni-NTA biosensors (ForteBio) in duplicate at 6 μM. PCR amplified DNA fragment of hilD and ahpC promoters were used as the analytes throughout the study at 240 nM. The assay was conducted in 25 mM TRIS-HCl, pH 7.5, 0.5 M NaCl. The binding reactions were performed with an initial baseline for 30 s, an association step at 120 s, and a dissociation step of 120 s with lateral shaking at 2200 rpm. A double reference subtraction (sensor reference and His 6 -IscR) was applied to account for non-specific binding, background, and signal drift to minimize sensor variability.
| RNA preparation and reverse transcription
RNAs were prepared from 1 ml culture of S. enterica grown in LB until OD 600nm = 1.5. The cells were harvested and frost at −80°C. Total RNAs were isolated from the pellet using the SV Total RNA Isolation System (Promega). The RNA quality was assessed by an Experion chip (Bio-Rad), and the absence of DNA contamination was confirmed by PCR. For cDNA synthesis, 650 ng total RNA and 0.5 μg random primers were used with the GoScript™ Reverse transcriptase (Promega).
| Quantitative real-time PCR for transcriptional analyses
Quantitative real-time PCR analyses were performed on a CFX96 RealTime System (Bio-Rad). The reaction volume was 15 μl, and the final concentration of each primer was 0.5 μM. The cycling parameters of the qRT-PCR were 98°C for 2 min, followed by 45 cycles of 98°C for 5 s, 56°C for 10 s, and 72°C for 1 s. A final melting curve from 65°C
to 95°C is added to determine the specificity of the amplification.
The yejA gene was used as a reference for normalization. For each point, a technical duplicate was performed. The amplification efficiencies for each primer pairs were comprised between 75% and 100%. All of the primer pairs used for qRT-PCR are reported in the Table S4 .
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